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A B S T R A C T   

Objectives: Understanding dentists’ gaze patterns on radiographs may allow to unravel sources of their limited 
accuracy and develop strategies to mitigate them. We conducted an eye tracking experiment to characterize 
dentists’ scanpaths and thus their gaze patterns when assessing bitewing radiographs to detect primary proximal 
carious lesions. 
Methods: 22 dentists assessed a median of nine bitewing images each, resulting in 170 datasets after excluding 
data with poor quality of gaze recording. Fixation was defined as an area of attentional focus related to visual 
stimuli. We calculated time to first fixation, fixation count, average fixation duration, and fixation frequency. 
Analyses were performed for the entire image and stratified by (1) presence of carious lesions and/or restorations 
and (2) lesion depth (E1/2: outer/inner enamel; D1–3: outer-inner third of dentin). We also examined the 
transitional nature of the dentists’ gaze. 
Results: Dentists had more fixations on teeth with lesions and/or restorations (median=138 [interquartile 
range=87, 204]) than teeth without them (32 [15, 66]), p<0.001. Notably, teeth with lesions had longer fixation 
durations (407 milliseconds [242, 591]) than those with restorations (289 milliseconds [216, 337]), p<0.001. 
Time to first fixation was longer for teeth with E1 lesions (17,128 milliseconds [8813, 21,540]) than lesions of 
other depths (p = 0.049). The highest number of fixations were on teeth with D2 lesions (43 [20, 51]) and lowest 
on teeth with E1 lesions (5 [1, 37]), p<0.001. Generally, a systematic tooth-by-tooth gaze pattern was observed. 
Conclusions: As hypothesized, while visually inspecting bitewing radiographic images, dentists employed a 
heightened focus on certain image features/areas, relevant to the assigned task. Also, they generally examined 
the entire image in a systematic tooth-by-tooth pattern.   

1. Introduction 

Bitewing radiographs are a standard complementary method for 
detecting and staging carious lesions, showing higher sensitivity and 
similar specificity than visual-tactile examination, especially for prox-
imal lesions [1]. Notably, dentists often do not achieve the theoretically 
possible high sensitivity, as a recent large-scale review and 
meta-analysis demonstrated, with more than every second lesion 
remaining non-detected in mean [2]. This oversight may be routed in the 

way dental experts assess imagery, such as (bitewing) radiographs. 
Efficient and thorough inspection of medical images leads to faster 

feature recognition and better clinical reasoning [3–5] which is crucial 
for medical professionals, such as radiologists and dentists, who regu-
larly interpret a high volume of these images. When assessing these 
images, professionals employ both a heightened focus to certain features 
and prior knowledge, leading to a context dependent gaze known as 
scanpath which comprises of ‘fixations’ (attentional information) and 
‘saccades’ (transitions to attentional areas) [6,7]. Much of the previous 
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literature on gaze patterns has focused on the comparison between ex-
perts and novices, confirming that experts are usually faster, but 
nevertheless more accurate than novices when assessing imagery [8,9], 
which is realized by a number of aspects. For instance, experts show a 
shorter time to first fixation on relevant areas (e.g., an anomaly) than 
novices, suggesting that their experience provides sophisticated short-
cuts [5,10–16]. Experts also have more fixations per image, and fixa-
tions of longer duration on relevant areas compared to irrelevant areas, 
which can be attributed to reducing extraneous attentional processing 
[8,17–20]. Moreover, image content has been shown to have a signifi-
cant impact on expert eye movements [5,8,21,22]. Obvious anomalies 
do not require as many fixations for experts as inconspicuous ones [5,23, 
24]. In mammograms, dental computed tomography (CT) scans, and 
dental panoramic radiographs, for example, experts have fewer fixations 
for more obvious anomalies than novices but overall, more fixations, 
particularly on more subtle anomalies [22,25,26]. The nature of the first 
fixation and area revisits is further affected by the image content; on 
dental periapical radiographs, the presence of restorations has been 
found to affect both factors [27]. Last, image type and purpose affect 
gaze patterns. For certain types of medical images, like chest CT and 
dental panoramic radiographs, experts form a global representation of 
the content at a glance [28,29], and then usually employ a systematic 
scanning pattern over small image areas. For example, gaze patterns 
with an inward spiral focus on the peripheral areas first and the dental 
areas second [12,13] or circular scan patterns have been identified 
[30–32]. In contrast, in brain CT scans, gaze patterns are 
saliency-driven, which creates a focal-then-global search strategy [33]. 
On dental periapical radiographs, tooth-by-tooth viewing is common 
[27]. A more detailed overview about medical gaze patterns can be 
found elsewhere [3,34,35], while generally, gaze patterns for dental 
image interpretation is not well understood. 

The aim of the present study was to characterize and describe den-
tists’ gaze patterns when identifying primary proximal carious lesions 
on bitewing radiographs of the permanent dentition. Our hypothesis was 
that dentists would demonstrate different gaze patterns for different 
types of image content. 

2. Materials and methods 

2.1. Study design 

This evaluation is nested within a randomized, controlled, non- 
blinded, clustered cross-over, superiority trial with an allocation ratio 
of 1:1 [36], assessing the impact of an artificial intelligence (AI) soft-
ware on detection of carious lesions. The trial was not conducted during 
clinical care and on actual patients, but on retrospectively sampled 
imagery material obtained from patients treated at Charité – Uni-
versitätsmedizin Berlin and collected between the years 2016 and 2018, 
which was randomly assessed with and without assistance from the AI 
software. The trial was registered at Deutsches Register Klinischer 
Studien (DRKS00022357). Ethical approval was provided by the Charité 
– Universitätsmedizin Berlin (EA/144/20). During the study, we recor-
ded dentists’ gaze data, and here we present the gaze patterns of the 
control group (i.e., dentists not using AI). Written informed consent was 
obtained from all participating dentists. 

2.2. Participants and image data 

Recruitment of participants and study conduct took place between 
October 2020 and January 2021. Participants were dentists employed at 
the dental hospital of Charité – Universitätsmedizin Berlin or in private 
practices in Berlin, Germany. The study was performed either in the 
dental hospital of Charité – Universitätsmedizin Berlin or at the private 
practice of the participants. All participating dentists had more than two 
years of clinical experience (i.e., had finished postgraduate education 
according to German insurance law). Exclusion criteria for the 

participants were not being clinically active any longer or having no 
regular experience with caries detection (e.g., orthodontists or oral 
surgeons). A total of 22 dentists were recruited. 

Bitewing radiographs of primary teeth or those where assessment 
was deemed impossible were excluded. This resulted in one hundred and 
forty bitewing radiographs of the permanent dentition, with at least the 
crowns of one dental arch being detectable, being included. Most of the 
images (63%) were generated using radiographic machines from the 
manufacturer Dentsply Sirona (Bensheim, Germany), mainly Orthophos 
XG; the rest using Dürr Dental machines (Bietigheim-Bissingen, 
Germany). 

The establishment of the reference test used for confirming the 
presence of carious lesions and denoting their depth is described else-
where [37]. Briefly, four experts independently labeled proximal lesions 
in a pixel-wise manner on all images (i.e., each expert labeled 140 
bitewing images) using an in-house custom-built annotation tool in 
dimly lit rooms on diagnostic screens and under standardized condi-
tions. All labels on all images were reviewed and curated (additions, 
deletions, corrections) by a fifth expert dentist, who had the chance of 
contacting the experts for further discussion. No formal metrics of 
agreement (e.g., inter- and intra-examiner agreement) were collected 
and no triangulation with any clinical records was performed. The 
reference test was constructed by the union of all annotated areas for 
each carious lesion on every image. Note that this labeling process has 
been employed previously and is one of several options for establishing a 
reference test on fuzzy data (i.e. where a “hard” reference test like his-
topathology is unavailable). The lesion depth was defined by two in-
dependent examiners in agreement, as follows; E1 denoted lesions into 
the outer half of the enamel, E2 those into the inner enamel half but not 
extending into the dentin, D1 those not extending deeper than the outer 
1/3rd of the dentin, D2 those not extending deeper than the outer 2/3rd 
of the dentin, and D3 those extending beyond the outer 2/3rd of the 
dentin. 

2.3. Eye tracker 

To record gaze data, the remote eye tracker SmartEye Aurora running 
at 60 Hz was positioned under a monitor which had full high-definition 
resolution of 1920 * 1080 pixels. The study room was dimly lit and the 
participants were unconstrained and positioned approximately 70 cm 
from the tracker. For the participants from private clinics, the study 
investigator brought the monitor to their clinic and the experiment was 
carried out in a dimly lit room in the clinic. An initial 9-point calibration 
and validation were performed. Recalibration was done if the software 
indicated that the calibration quality was poor. Gaze data was collected 
for the whole duration of the study and then pre-processed using the 
iMotions software (version 8.2.22899.4). Event detection was performed 
using the iMotions implementation of the I-VT algorithm, with a mini-
mum fixation duration of 60 milliseconds (ms) and a velocity threshold 
of 30◦/second. The current analysis used the fixations reported from the 
software, which are interpolated between the left and the right eye. We 
interpret fixations as the areas of attentional focus related to the stimuli 
presented on the screen. 

2.4. Gaze data 

Each of the 22 dentists received a set of ten randomly selected 
bitewing radiographs, data from which has been examined in the pre-
sent study. Details on the randomization of the radiographs from the 
pool of 140 bitewing radiographs have been described in our previous 
study [36]. Data collection resulted in 221 datasets from the participants 
viewing bitewing radiographs. As three participants unintentionally 
examined one image twice, we excluded the first time they viewed the 
image, as it was too short for proper investigation. To ensure gaze data 
quality, we removed datasets with an average reported gaze signal 
quality lower than 0.60 (on a scale of 0.0 being the lowest and 1.0 being 
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the highest quality) [38]; 43 datasets were excluded by this criterion. 
Stimulus presentation error resulted in the additional removal of five 
datasets. The exclusion of data was non-systematic i.e., no bias was 
introduced in the study results. Overall and finally, 170 datasets were 
included in the current analysis. Each dentist viewed a median of nine 
bitewing radiograph images and each image was viewed by a median of 
two dentists. 

2.5. Outcomes and covariates 

We analyzed fixation behavior of dentists while visually inspecting 
bitewing radiographic images. We begin by defining each outcome and 
its unit of measurement. The time to first fixation indicates the amount 
of time that it takes for a dentist to fixate on a specific area of interest 
(AOI) from the onset of stimulus and is measured in ms [39]. Fixation 
count provides information on how many times a dentist returned their 
gaze to a particular AOI and is measured as a numeric count [39]. 
Average fixation duration quantifies how long on average a fixation 
lasted for and is measured in ms [39]. 

General fixation metrics like average fixation duration (ms) offer 
insights into how professionals holistically process bitewing radio-
graphs. Additionally, the fixation count related to the time per specific 
task indicates how quickly the relevant information is extracted. Since 
viewing times per image were variable, an additional measure of fixa-
tion frequency per second i.e., number of fixations per second, was 
calculated. Time to first fixation (ms) as well as fixation count and 
average fixation duration (ms) in relevant regions are indicators of 
efficient information retrieval. The relevant regions for this study were 
the teeth, proximal carious lesions, and restorations visible on the 
bitewing images. For marking the teeth, an (unpublished) in-house tooth 
detection model, whose findings had been validated by an experienced 
dentist for each bitewing image, was employed. The carious lesions and 
restorations were established by the reference test devised for this study, 
as laid out earlier. 

To further investigate the procedural aspect of dentists’ gaze, we 
looked at the transitions of the scanpaths, i.e., how often the gaze 
transitioned to a neighboring tooth (e.g., from tooth 24 to tooth 25) or 
somewhere else instead (e.g., from tooth 26 to tooth 37). To account for 
image dependent patterns, transition matrices were created for ten im-
ages that were viewed by at least three dentists. 

2.6. Statistical analysis 

Participant characteristics such as age and gender were recorded and 
used for descriptive analyses. All analyses were performed for the total 
dataset (i.e., overall) and stratified by presence of carious lesions and/or 
restorations, and carious lesion depth (E1/2: outer/inner enamel; D1–3: 
outer to inner third of dentin). The relevant variables exhibited non- 
normal distributions and thus were summarized using median and 
inter-quartile range (IQR) and were analyzed using non-parametric 
tests. Differences in each gaze metric between relevant groups were 
tested using the Wilcoxon rank sum test and Kruskal-Wallis test, as 
appropriate, where level of significance was set to p<0.05. Missing data 
was not imputed. 

To account for any possible spatial offsets in the gaze data, AOIs were 
given an extra pixel padding based on their relative pixel area. The teeth 
were large enough to simply have the bounding boxes. Based on our 
study setup, the average size of a bounding box for a tooth was 325.98 
by 234.97 pixels, which is approximately 9.2 cm by 6.6 cm on the 
monitor relative to the participant. The bounding boxes of restorations 
were given a pixel padding of 3◦ of visual angle (which approximates to 
129 pixels for our specific setup), and bounding boxes of carious lesions 
were given 3-, 7-, or 10◦ padding based on whether their area was on the 
larger, medium, or smaller side of the lesion area distribution, respec-
tively. For fixation behavior analysis, we counted fixations that land in 
overlapping AOIs as a hit in both AOIs. All statistical analyses and data 

management were performed using Python (version 3.8 and above) and 
R (version 4.0.3, www.r-project.org). 

3. Results 

3.1. Gaze patterns 

Six female and 16 male dentists participated; their mean age was 38 
years (range: 27 years to 60 years). The dentists spent a median of 49 
seconds (IQR = 34, 72) per bitewing image, with a median fixation 
count of 167 per bitewing (IQR = 127, 212) and a median fixation 
frequency of 3 fixations per second (IQR = 3, 4). Upon evaluating the 
fixation frequency in context with the average fixation duration, longer 
fixation durations corresponded to slower fixation frequencies, whereas 
shorter durations corresponded to faster fixation frequencies, see Fig. 1. 
Meanwhile, the distribution of the fixation frequency in relation to the 
average fixation dispersion (mean = 0.36◦; standard deviation = 0.04◦) 
showed that for slower fixation frequencies, lesser image area was 
inspected, and more image area was covered at faster frequencies, see 
Fig. 2. 

3.2. Gaze patterns related to carious lesions and restorations 

When looking at dentists’ viewing patterns on teeth with and without 
carious lesions and/or restorations, there were 364 teeth with lesions 
and 481 teeth with restorations (overall 581 teeth, as some showed 
both), and 365 teeth without. Regarding gaze on the teeth, in 79% (129/ 
170) of datasets a tooth with lesions and/or restorations was looked at 
first. Median time to first fixation showed no significant difference for 
teeth with lesions and/or restorations (median = 359 ms, IQR = 181, 
674) and teeth without lesions and/or restorations (median = 384 ms, 
IQR = 236, 612), p = 0.68. 

Focusing on the teeth with lesions and/or restorations, we noted that 
a majority of dentists initially fixated on teeth with restorations (72% 
(125/170) datasets) and not lesions. Median time to first fixation was 
also shorter for teeth with restorations (median = 1275 ms, IQR = 501, 
4075) than for teeth with lesions (median = 6598 ms, IQR = 2945, 
20,669), p<0.001. Dentists had significantly more fixations on teeth 
with lesions and/or restorations (median = 138, IQR = 87, 204) than 
teeth without lesions and/or restorations (median = 32, IQR = 15, 66), 
p<0.001. There was a large difference in the number of fixations on 
teeth with restorations (median = 47, IQR = 19, 100) compared with 
those with lesions (median = 17, IQR = 6, 32), p<0.001. Average fix-
ation duration on teeth with (median = 337 ms, IQR = 251, 413) and 
without lesions and/or restorations (median = 308 ms, IQR = 227, 367) 
did not differ. Notably, teeth with lesions had longer fixation durations 
(median = 407 ms, IQR = 242, 591) compared with those with resto-
rations (median = 289 ms, IQR = 216, 337), p<0.001. 

Regarding gaze patterns on teeth with carious lesions of different 
depths (Table 1), the longest time to first fixation was for teeth with E1 
lesions (median = 17,128 ms, IQR =8813, 21,540) as compared to teeth 
with lesions of other depths (p = 0.049) and they were also looked at 
first in only 7% of cases. Teeth with E2 lesions were looked at first the 
most i.e., in 40% of cases. Regarding fixation counts on teeth with le-
sions (n = 364), the highest number of fixations were on teeth with D2 
lesions (median = 43, IQR = 20, 51) and lowest on teeth with E1 lesions 
(median = 5, IQR = 1, 37), p<0.001. Average fixation duration showed 
less variability with the longest fixation duration being for teeth with E1 
lesions (median = 530 ms, IQR = 468, 664) and the shortest for teeth 
with D3 lesions (median = 310 ms, IQR = 255, 417), p = 0.49. 

3.3. Scanpath and transitional behavior 

We also investigated the nature of transition of the scanpaths, i.e., 
how often the gaze transitioned to a neighboring tooth versus non- 
neighboring tooth. We noted that the highest number of transitions 
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were to the neighboring tooth (n = 14,119 transitions), and the second 
most frequent transitions were to the second next tooth (n = 1105 
transitions); Table 2. Often, there were transitions to a tooth in the 
opposite jaw (n = 2635 transitions); however, to a lesser extent. 

In order to confirm this lateral tooth-by-tooth visual inspection, 
transition matrices were created for exemplary ten images (images A to 
J) that were viewed by at least three dentists to control for image 
dependent scanpath patterns. Fig. 3 depicts transition matrices from 
three of these images (images A to C) and the remaining seven images 
(images D to J) are shown in Supplementary Fig. 1. In Fig. 3, the tran-
sition matrices showed that dentists generally examined the images 
tooth by tooth (lighter colors along the diagonal in the image indicated 
higher number of transitions to the neighboring tooth). More interest-
ingly, there was no preference for left to right inspection or right to left 
inspection, which would be illustrated by one side of the diagonal being 
lighter than the other. Note that the dentists also looked outside of the 
bitewing image when using the digital viewing platform and its 
functionalities. 

We also qualitatively examined the individual scanpaths for the 
subset of images based on their semantic information in Fig. 3, which we 
have labeled as A, B, and C. Image A had no carious lesions, but resto-
rations (including root-canal fillings) on teeth 25, 35, 36, and 37. The 
scanpaths for image A offer an almost ideal visualization of systematic 
lateral tooth-by-tooth visual inspection, and the transition matrix for 
image A quantitatively highlights that the neighboring teeth with res-
torations had the highest transitions (transitions from tooth 36 to 35, 
from 36 to 37, and from 37 to 36). Image B had lesions of depth E2 on 
teeth 16 and 17 and restorations on teeth 46 and 47. The scanpaths for 

image B show similar systematic strategies, whereas the transition ma-
trix points out that the highest transitions were related to teeth with 
lesions (between teeth 16 and 17) and restorations (between teeth 46 
and 47). Image C had lesions and restorations only in the maxilla; E2 
lesions on teeth 24 and 26, an E1 lesion on tooth 25, D1 on tooth 27, and 
a restoration on tooth 26. The scanpaths for image C qualitatively 
appear to be the least systematic in comparison to images A and B, with 
overall higher concentrations of fixations and longer saccades (the lines 
connecting fixations), and slightly more transitions between the jaws. 
The transition matrix nevertheless confirms that the majority of transi-
tions were to neighboring teeth. The highest number of transitions were 
from tooth 37 to 36, neither of which have any lesions or restorations. 
The majority of these transitions were from the dentist denoted as 
‘Dentist 3’ (blue in Fig. 3). 

4. Discussion 

Gaze patterns for dental radiographs are not well understood, which 
is why the present study aimed to characterize dentists’ gaze patterns 
when evaluating bitewing radiographs for primary proximal carious 
lesions. As hypothesized, dentists demonstrated different gaze patterns 
for different types of image content, in context of the task they were 
given. Our results are suggestive of a systematic search strategy being 
employed by most dentists with respect to the nature of the task assigned 
to them, i.e., identifying proximal caries in bitewing radiographs. To 
begin with, longer fixation duration was related to slower fixation fre-
quency which in turn was related to lesser image area being inspected. 
These patterns are indicative of how dentists interpret the image 

Fig. 1. Distribution of fixation frequency (number of fixations per second) in relation to average fixation duration (milliseconds) while evaluating the bitewing 
radiographic images. 
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information during visual inspection, where more rapid fixation over 
larger areas can be interpreted as more global or ambient scanning 
pattern and slower, more thorough attention to smaller areas as more 
focal scanning pattern. In our study the observed gaze patterns allude to 
visual inspection strategies that are predominantly shorter dispersions, 
with more concentrated durations (higher) and frequencies (slower). 
Another aspect highlights the relevance of the task designated to the 
dentists: most dentists first looked at teeth with caries and/or restora-
tions and fixated more on them compared to teeth without. Also, fixation 
durations were longer on teeth with lesions than restorations and though 
this aligns with the nature of the task, it was also indicative of thorough 
inspection of the teeth that they determined to bear carious lesions. 
Additionally, the transitional nature of the scanpath patterns (see 

Fig. 2. Distribution of fixation frequency (number of fixations per second) in relation to average fixation dispersion (degrees) while evaluating the bitewing 
radiographic images. 

Table 1 
Distribution of gaze characteristics on teeth with carious lesions, stratified by depth of lesion.  

Gaze metrics Carious lesion depth p-value  
E1 E2 D1 D2 D3  

Time to First Fixation, median (IQR), milliseconds 17,128 (8813, 
21,540) 

9398 (3850, 
33,388) 

8390 (2955, 
20,420) 

5146 (3021, 
6987) 

3300 (2567, 
9082) 

0.049 

Total Fixation Count, median (IQR) 5 (1, 37) 10 (2, 22) 15 (10, 27) 43 (20, 51) 25 (18, 31) <0.001 
Average Fixation Duration, median (IQR), 

milliseconds 
530 (468, 664) 381 (227, 614) 447 (199, 604) 486 (285, 569) 310 (255, 417) 0.49 

The lesion depth was defined as follows; E1 denoted lesions into the outer half of the enamel, E2 those into the inner enamel half but not extending into the dentin, D1 
those not extending deeper than the outer 1/3rd of the dentin, D2 those not extending deeper than the outer 2/3rd of the dentin, and D3 those extending beyond the 
outer 2/3rd of the dentin. 
The p-values apply to the entire table row. 
IQR, inter-quartile range. 

Table 2 
Number of transitions of the dentists’ gaze across teeth when viewing a bitewing 
radiographic image.  

From the current tooth to … Number of transitions of the dentists’ gaze 

The next tooth in the same jaw 14,119 
2 teeth away in the same jaw 1105 
3 teeth away in the same jaw 207 
4 teeth away in the same jaw 22 
Any tooth in the opposite jaw 2635  
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Fig. 3. Original images, their scanpath data, and transition matrices of three bitewing radiographic images which generally elicited systematic search patterns in the 
study. UI, user interface. 
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Table 2), i.e., most frequent transitions being to the neighboring teeth, 
suggested a systematic lateral tooth-by-tooth visual inspection of teeth 
in one jaw, before moving onto the other jaw, in comparison to other 
approaches such a top-to-bottom visual inspection or unsystematic 
assessment. This pattern was similarly linked to the nature of the task (i. 
e., identifying proximal caries) and image type (i.e., bitewing radio-
graph) [40]. More fixations were noted on teeth with restorations than 
lesions. Although this was unexpected, there were possibly more fixa-
tions to thoroughly inspect and determine that there are in fact no 
carious lesions on teeth with existing restorations (e.g., secondary 
carious lesions even though the detection of these lesions was not the 
task given to the dentists). The result of these thorough evaluations was 
supported by the previously reported high accuracy of 0.93 (95% con-
fidence interval: 0.92, 0.95) of dentists for this task in this study [36]. 
When stratified by carious lesion depth, our results are in contrast with 
those from other studies, especially regarding teeth with E1 lesions. 
Other studies have reported that obvious and easy-to-spot anomalies do 
not require as many fixations for experts than inconspicuous and 
harder-to-detect anomalies [5,23,24]. In our results, teeth with E1 le-
sions, which are incipient and thus difficult to identify, had the lowest 
count of average fixations and longest time to first fixation. One po-
tential reason for this may lie with the dentists’ performance in diag-
nosing the lesions. A prior evaluation of the dentists’ performance in this 
study showed a low sensitivity of 0.64 (95% confidence interval: 0.53, 
0.74) in diagnosing early enamel lesions, suggesting that the dentists 
were likely to miss these incipient lesions, thereby leading to the lower 
average count of fixations [36]. 

The applications of gaze pattern analysis in dentistry are multifold 
since the field heavily relies on imagery for clinical and research tasks. In 
education, it offers the potential to assess a student’s learning progress 
in real-time and thus provides opportunities to adapt the stimulus ma-
terial based on current aptitude [40]. On the other hand, it can also be 
used to assess the effectiveness of training modules. Additionally, ex-
amination of the scanpath visualizations along with the transition 
matrices can offer interesting insights into the respective cognitive 
strategies of a specific dentist. Future research should further investigate 
the role of image complexity on gaze patterns. Additionally, gleaning 
deeper insights into how professionals extract data from medical images 
may serve in building better AI-supported diagnostic tools and take us a 
step further in the direction of explainable AI. 

This study has a number of strengths and limitations. First, it uses a 
range of outcomes to comprehensively characterize the gaze patterns of 
dentists. We will engage in understanding the impact of AI on gaze 
patterns and the diagnostic process in another evaluation of the yielded 
trial data, as it seems relevant to unravel how exactly AI changes den-
tists’ diagnostic behavior. Second, and as limitation, our cohort of 
bitewing radiographic images and dentists was limited and selected. As 
described, the imagery stemmed from two machines and one clinical 
center and thus the generalizability of the results on other imagery 
cannot be expected. Also, a small and selected sample of dentists was 
enrolled; the sample was younger than the average German dentist, 
mainly situated in an urban clinic or practice environment. Third, the 
identification of whether a tooth had a carious lesion and/or restoration 
was built on a reference test constituted by five experts; no further 
validation (e.g., histology) was performed. It can be expected that even 
five experts and their verdict may not always yield “the ground truth”, a 
caveat we accepted. Similarly, the lesion depth was determined by two 
examiners jointly, which may come with limited robustness as well. 

5. Conclusions 

Using gaze pattern analysis, we demonstrated that when dentists 
visually inspected dental bitewing radiographic images their gaze was 
specific for different types of image content and was determined 
partially by the context of the task they were assigned. Dentists pre-
dominantly employed shorter dispersions and more focus on areas of the 

image relevant to the task of identifying proximal carious lesions. 
Additionally, a systematic tooth-by-tooth gaze was commonly observed 
in this study. The assessment of one’s gaze pattern is an efficient and 
non-invasive method to collect objective data on the complex interplay 
of one’s cognition and education/training for accomplishing a given 
task. Further research in this direction can help us glean insights into the 
causes for dentists’ limited accuracy (for example in diagnosing prox-
imal caries on bitewing radiographs) and thus develop strategies to 
improve their clinical performance. 

Clinical significance 

Analysis of dentists’ gaze patterns offers objective insights into how 
they extract data from different types of dental images. Such charac-
terization of clinicians’ gaze patterns may determine their cognitive and 
training status, which are integral to achieving successful clinical out-
comes, and thus identify ways to optimize their data extraction methods. 

Supplementary Fig. 1. Original images, their scanpath data, and 
transition matrices of the seven bitewing radiographic images used in 
the study. UI, user interface. 
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